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opment of metabolic syndrome in adulthood is of particular concern because almost two-thirds of pregnant women in the United States are either overweight or obese (44) .
Fetal growth is dependent on fetal nutrient availability, which is largely determined by the capacity of the placenta to transport nutrients. Placental transport of fatty acids is critical for fetal growth, particularly in late gestation, when deposition of fat in the fetus increases exponentially (36) . Maternal circulating concentrations of triacylglycerides (TAG) increase 2.5-fold across gestation (13) , and maternal TAGs are a major substrate for placental lipases localized to the syncytiotrophoblast microvillous membrane (MVM), which releases free fatty acids for subsequent transport to the fetus (17, 20, 31) . Fetal tissue deposition of long-chain polyunsaturated fatty acids depends on the quantity and composition of fatty acids delivered via the placenta. However, the mechanisms that determine transplacental lipid transfer to the fetus are not well established.
The exact mechanisms by which fatty acids are transferred across the syncytiotrophoblast plasma membranes (MVM and basal plasma membrane, BM) are poorly understood. However, a glycosylated fatty acid translocase (FAT/CD36) (1), which is expressed in primary trophoblasts and in isolated MVM and BM (9, 17) , and members of the solute carrier family 27 (SLC27A1-6) known as fatty acid transport proteins (FATP 1-6) (21, 34, 35) have been proposed to mediate transplacental transport of fatty acids. FATP 1 and FAT/CD36 proteins were first identified in syncytiotrophoblast membranes (9) . Subsequently, other FATP isoforms were detected in human placental homogenates and primary trophoblasts at the mRNA (34, 35, 41, 52) and protein level (16) .
Free fatty acids taken up into the syncytiotrophoblast cytoplasm are bound to fatty acid binding proteins (FABP) (9) . Members of this family of proteins promote cellular fatty acid uptake and transport toward a specific metabolic pathway: esterification, ␤-oxidation, or fetal delivery across the syncytiotrophoblast BM. The cytoplasmic heart (FABP 3), liver (FABP 1) (9), adipose (FABP 4), and epidermal FABP (FABP 5) (5) isoforms have been shown to be expressed in primary trophoblasts and placental homogenates. The significance of the presence of several cytoplasmic FABP in trophoblasts is not yet understood, but their presence indicates that complex interactions of these proteins may be essential for efficient fatty acid transport and metabolism in the placenta.
Peroxisome proliferator-activated nuclear receptors (PPARs) act as lipid sensors. In particular, PPAR gamma (PPAR␥) acts as a critical transcription factor in the regulation of lipid transport, storage, and metabolism (48) . In the placenta, PPAR␥ regulates fatty acid transport in primary human trophoblasts (51) and in mice treated with PPAR␥ agonist rosiglitazone (52) , indicating an important regulatory role of PPAR␥ in the uptake and placental transfer of lipids.
Increased fetal lipid availability may contribute to fetal overgrowth and/or increased fat accumulation in fetuses of obese mothers. Circulating levels of lipids (33, 48) are elevated in obese pregnant women compared with normal-weight pregnant women, which could promote fatty acid transfer across the placenta. In human placental homogenate, maternal obesity has been shown to decrease protein expression of FATP 4, whereas FAT/CD36 expression was increased (16) . In rodent and bovine animal models of maternal obesity, the expression of several placental FATPs is increased (58, 61) , suggesting an elevated placental capacity to transfer fatty acids. However, gene or protein expression of transporters in placental homogenate or whole tissue may not accurately reflect transport capacity, which is primarily determined by protein expression and/or activity of transporters localized to the two polarized plasma membranes of the syncytiotrophoblast.
In rodents, fetal exposure to maternal high-fat diet and insulin resistance during pregnancy results in obesity and hepatic lipid accumulation in the offspring (6, 28, 43, 57) , leading to postnatal hepatic dysfunction and histologic features consistent with nonalcoholic steatohepatitis (6, 43) . These findings suggest that the liver is a target for excess fat storage with intrauterine exposure to maternal overnutrition. Additionally, nonhuman primate models of maternal obesity exhibit increased fetal intrahepatic lipids that significantly accumulate during the third trimester (59) . However, the mechanisms underlying the increased fetal hepatic fat deposition in maternal obesity are not well known, and whether an enhanced placental lipid transport capacity contributes to increased fetal lipid delivery is unknown.
In this study, we used a novel mouse model of maternal obesity associated with fetal overgrowth (50) to test the hypothesis that the expression of placental fatty acid transportrelated proteins and fatty acid binding proteins is upregulated in response to maternal obesity, and this is associated with lipid accumulation in the liver of the offspring. We determined protein expression of FAT/CD36, FATP 2, 4, 6 in trophoblast plasma membranes isolated from the mouse placenta and FABPs 1, 3-5 in placental homogenates. In addition, we measured placental mRNA expression of lipid transport-related proteins and quantified lipid droplet accumulation in the fetal liver.
METHODS
Animals and diets. All protocols were approved by the Institutional Animal Care and Use Committee at the University of Texas Health Science Center San Antonio. Twelve-week-old C57/BL6J female mice (Jackson Laboratory, Bar Harbor, ME) were fed either a control (C; n ϭ 10) diet (D12489, Research Diets, New Brunswick, NJ) containing 10% calories from fat or an obesogenic (OB; n ϭ 10) diet (Western Diet D12089B, Research Diets), consisting of pellets containing 40% calories from fat and ad libitum access to 20% sucrose solution supplemented with micronutrients, vitamins (Vitamin Mix V10001, Research Diets), and minerals (Mineral Mix S10001, Research Diets), as previously described (50) . When the females in the OB group had gained 25% of their initial body weight (after 4 -6 wk on the obesogenic diet), the OB along with an equal number of C mice were pair-mated with males on the C diet. The presence of a postcopulatory plug indicated embryonic day (E) 0.5. All animals were maintained on their respective diets throughout gestation.
Tissue collection and processing. At E18.5, dams were euthanized by carbon dioxide inhalation. After laparotomy, fetuses and placentas were collected and dried on blotting paper and weighed (50) . All placentas in each litter (approximate total weight 0.5 g) were pooled and washed in PBS and transferred to 3 ml of buffer D (in mM: 250 sucrose, 1 Tris-HEPES, 1 EDTA, at pH 7.4). A protease and phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) was added at a dilution of 1:1,000, and the mixture was homogenized using a Polytron (Kinematica, Bohemia, NY), frozen in liquid nitrogen, and stored at Ϫ80°C (homogenate) until immunoblotting analyses or isolation of trophoblast plasma membranes (TPM). Additionally, fetal livers (1 liver per litter, n ϭ 14 per group) were dissected and weighed, placed onto a tissue mold, and filled with optimal cutting temperature (Fisher Scientific, Pittsburgh, PA) and frozen at Ϫ20°C. Using a cryostat, we obtained 10-m-thickness fetal liver sections and stored them at Ϫ80°C.
Oil Red O staining. An Oil Red O kit (Poly Scientific R&D, Bay Shore, NY) for staining neutral lipids was used (40) . Frozen fetal liver parenchymal sections (2-3 per individual liver) were allowed to reach room temperature and placed in 70% ethanol for Ͻ5 s, then placed in Oil Red O solution for 25 min and rinsed; the nuclei was counterstained with Harris's hematoxylin for 1 min. Subsequently, sections were placed in a mixture 1% HCl-70% ethanol for 5 s. After rinsing, sections were mounted using glycerin jelly, and images were captured using a visible light microscope. Lipid droplets from fetal livers from C and OB dams were quantified using National Institutes of Health (NIH) ImageJ software (http://rsbweb.nih.gov/ij/).
Isolation of trophoblast layer II plasma membrane. Maternalfacing trophoblast layer II plasma membrane (TPM) of the mouse placenta, which is believed to be functionally analogous to the human syncytiotrophoblast MVM (32, 51), was isolated using differential ultracentrifugation and Mg 2ϩ precipitation (32, 51) . Briefly, frozen placental homogenates were centrifuged at 10,000 g for 15 min, and the supernatant was retained and centrifuged at 125,000 g for 30 min. The resulting pellets were resuspended in buffer D, and 12 mM MgCl2 was added; this mixture was stirred for 15 min at 4°C and subsequently centrifuged at 2500 g for 10 min. The supernatant was spun at 125,000 g for 30 min, and the pellet was resuspended in buffer D and snap-frozen in liquid nitrogen prior to storing at Ϫ80°C. Protein concentrations of homogenate and isolated TPM were determined according to Lowry assay (DC protein assay; Bio-Rad, Hercules, CA). TPM enrichment was determined as the TPM/homogenate ratio of alkaline phosphatase activity, as previously described (19) .
Lipase activity assay. Placental lipase activity (lipoprotein and endothelial lipase) was measured in TPM from C and OB dams by the enzyme fluorescence method using a lipase activity assay kit (Roar Biomedical, New York, NY). A titration curve with increasing protein concentration of TPM and different incubation times at 37°C was initially performed (data not shown). TPM vesicles (10 g protein) were incubated with the substrate solution for 30 min. Samples were read using a BioTek Synergy H1 Hybrid Reader at ex ϭ 370 and em ϭ 450 nm, according to the manufacturer's instructions. Each sample was analyzed in duplicate, and the results were expressed as nanomoles of substrate hydrolyzed per 30 min.
Immunoblotting analysis. Placental homogenate (20 g) or TPM (5 g) protein was separated by SDS-PAGE on precast gels (Bio-Rad) and transferred to polyvinylidene fluoride membranes (at 30V constant, overnight at 4°C). Blocking was carried out for 1 h at room temperature in 5% nonfat milk in Tris-buffered saline (TBS)-Tween, and membranes were incubated in primary antibody diluted in 1% BSA in TBS-Tween. Protein expression of FAT/CD36 and FATPs 2, 4, and 6 was determined in TPM, and FABPs 1, 3-5, total PPAR␥, and (S112) pPPAR␥ were determined in homogenates. Primary anti-bodies were diluted as follows: rabbit polyclonal anti-FATP 2 at 3 g/ml, anti-FAT/CD36, FATP 4, FATP 6, FABP 3, and FABP 5 at 1 g/ml (AbCam, Cambridge, MA); anti-FABP 1 and FABP 4, PPAR␥, (S112) pPPAR␥ at 1 g/ml (Cell Signaling, Beverly, MA); and mouse anti-␤-actin at 0.4 g/ml (Sigma-Aldrich). Horseradish peroxidaseconjugated secondary anti-rabbit (0.5 g/ml) and anti-mouse antibody (0.2 g/ml) (Cell Signaling) were used. Target protein expression was normalized to ␤-actin expression. Immunolabeling was visualized with enhanced chemiluminescent detection solution (Thermo Scientific, Waltham, MA) and a G:BOX Chemi XT4 gel imaging system (Syngene, Cambridge, UK). Densitometry was performed using NIH's ImageJ software. After normalization to ␤-actin, the mean density of the C group bands for each protein target was assigned an arbitrary value of 1. Subsequently, all individual C and OB density values were expressed relative to this mean.
Reverse transcription and quantitative PCR. Total RNA was extracted from placental homogenates (25-75 mg/litter) with TRIzol Reagent (Life Technologies, Carlsbad, CA) following the manufacturer's protocol. The RNA 280/260 ratio ranged from 1.8 to 2.1. cDNA was synthesized using the high-capacity RNA-to-cDNA kit (Life Technologies). Quantitative PCR was performed in triplicate on 0.2 g of total RNA reverse transcribed into cDNA using SYBR select master mix (Life Technologies). PCR amplification and detection were performed on a Quant Studio 6 Flex real-time PCR system (Life Technologies) using the gene-specific primers listed in Table 1 . Amplification of a single product was confirmed by melting curve analysis. The amplified transcripts were quantified using the relative standard curve method and normalized to the geometric mean of housekeeping genes Gadph (encoding glyceraldehyde 3-phosphate dehydrogenase) and Trfc (encoding transferrin receptor).
Data presentation and statistical analysis. Data are presented as means Ϯ SE or ϩ SE; n represents number of litters. Statistical analysis and plotting were performed using GraphPad Prism version 6 (GraphPad Software, La Jolla, CA). Gaussian distribution of the samples was determined by D'Agostino and Pearson omnibus normality test, and statistical significance between C and OB groups was determined by Student's unpaired t-test. A P value less than 0.05 was considered statistically significant.
RESULTS

TPM alkaline phosphatase enrichment was similar between
C and OB groups. Alkaline phosphatase is a specific marker of the trophoblast layer II of the mouse placenta (32) , and the TPM/homogenate ratio of alkaline phosphatase activity is, therefore, used as measurement of TPM enrichment. The average alkaline phosphatase enrichment for TPM vesicles isolated from C placentas (n ϭ 10) was 11.05 Ϯ 0.91, comparable to the enrichment in TPM vesicles obtained from placentas of OB animals 10.63 Ϯ 0.65 (n ϭ 10; no significant difference between groups, Student's unpaired t-test).
Placental FATP 6 expression was increased in TPM from OB dams. Protein expression of fatty acid transport-related proteins FAT/CD36, FATP 2, FATP 4, and FATP 6 was assessed in purified mouse placental TPM. FAT/CD36, FATP 2, and FATP 4 proteins were expressed in TPM, and their expression was comparable between placentas from C and OB dams (Fig. 1, A-C) . Notably, TPM FATP 6 protein expression was increased 35% (P Ͻ 0.05) in OB compared with C placentas (Fig. 1D) . In addition, we evaluated the mRNA expression of Fatp/Cd36, Fatp 2, Fatp 4, and Fatp 6; however, the expression was unchanged in placentas from OB compared with C dams (Fig. 1E) .
Placental lipase activity and PPAR␥ expression were unaffected by maternal obesity. Placental lipase activity was determined in isolated TPM from placentas from C and OB dams. Lipase activity was comparable between C and OB groups ( Fig. 2A) . Furthermore, protein expression of PPAR␥, a master regulator of lipid metabolism that modulates fatty acid transport in the placenta (53), was assessed in mouse placental homogenates. Total PPAR␥ protein expression did not change between groups (Fig. 2B) . In addition, mRNA expression of both Ppar␥ and Lpl was unchanged in placental homogenates from OB compared with C dams (Fig. 2C) . PPAR␥ can be activated by ligand-independent mechanisms, in particular, by phosphorylation at serine-112 [(S112) pPPAR␥] (2, 8). However, S112 phosphorylation of PPAR␥ in placental homogenates was not significantly different between C and OB groups (Fig. 2D) .
Expression of PPAR␥-regulated genes was unaltered by maternal obesity. We further explored the expression of PPAR␥-regulated genes in placental homogenates from C and OB dams. mRNA of Ldhb (encoding for lactate dehydrogenase), Pcx (pyruvate carboxylase), Dgat1 (diacylglycerol Oacyltransferase-1), Dcakd (dephospho-CoA kinase domain containing) (56), as well as key lipogenic factors C/Ebp␣ 
(CCAAT/enhancer binding protein-␣) and Srebp1c (sterol regulatory element-binding protein-1c), all PPAR␥ transcriptional targets involved in intermediary metabolism, were expressed in placental homogenates from C and OB dams; however, the expression did not differ between groups (Fig. 3) . Placental FABP 3 expression was increased in OB dams. Protein expression of fatty acid binding proteins FABPs 1, 3-5 was assessed in mouse placental homogenates. FABPs 1, 4 -5 proteins and mRNA were expressed in homogenates, and their levels were comparable between placentas from C and OB dams (Fig. 4, A, C-E) . In contrast, FABP 3 expression was increased 27% (P Ͻ 0.01) in OB compared with C placentas (Fig. 4B) , without changes in mRNA levels (Fig. 4E) . 
Maternal obesity increased lipid accumulation in the fetal liver.
In the same cohort of mice studied in the current report, we have previously established that fetal weight at E18.5 in the OB group was significantly increased by 18% (P Ͻ 0.01) compared with fetuses from C dams, without affecting placental weight (50). This was not due to a difference in litter size, which was comparable in the C and OB groups (50) . Livers from OB fetuses were 31% heavier (52.1 Ϯ 4.85 mg; n ϭ 6) compared with livers from fetuses from the C group (39.7 Ϯ 2.35 mg; n ϭ 7; mean Ϯ SE; P Ͻ 0.05; Student's unpaired t-test). In addition, fetal liver lipid accumulation was determined using Oil Red O staining. The number of lipid droplets were increased 10-fold in the livers of fetuses from OB compared with C group (P Ͻ 0.05) (Fig. 5) . Values are expressed as means ϩ SE; n ϭ 10/group. Statistical significance was determined using Student's unpaired t-test.
DISCUSSION
We report, for the first time, that FATP 6 and FABP 3 expression is elevated in the placental barrier of obese dams, suggesting that increased placental lipid transfer capacity could contribute to fetal overgrowth and greater lipid accumulation in the fetal liver.
Our results show that TPM isolated from mouse placentas from C and OB dams were enriched 10-fold in alkaline phosphatase activity, confirming the successful isolation of this trophoblast apical membrane fraction. These results are in agreement with previous reports that showed alkaline phosphatase staining was localized to the apical (maternal facing) plasma membrane of trophoblast layer II in the mouse (32), analogous to alkaline phosphatase localized to the human syncytiotrophoblast MVM (30) . Plasma membrane transporters contribute to cellular uptake only if present in the cell surface membrane, and placental transporters mediate transplacental transport only if localized in the plasma membranes of the cells believed to form the placental barrier. Thus, our study of transporter protein expression in TPM is potentially more informative than previous reports of gene and protein expression of fatty acid transporters in placental homogenates in obese pregnant women (16) and in animal experimental models (58, 61) .
FATP family members are regulated by hormones (e.g., insulin), inflammatory mediators, such as TNF-␣ and IL-1, and by activators of PPAR␣ or PPAR␥ (21, 52) . Previous studies have demonstrated mRNA expression of members of the fatty acid transport family (FATPs 1-4, and 6 ), FAT/CD36 at E18.5 (53) , and of FATP 4 at the protein level at E17.5 in the murine placenta (41) . We now extend these observations by demonstrating specific expression of FATPs in TPM isolated from the mouse placenta. A maternal high-fat, high-sugar obesogenic diet led to greater placental expression of FATP 6 compared with dams on a control diet, suggesting that increased protein expression of this fatty acid transport protein in obesity could promote greater fatty acid transfer to the fetus. In addition, protein expression of FATP 6 in TPM from OB placentas was not associated with increased mRNA levels, suggesting that the change in protein level occurs at a posttranscriptional level, in agreement with similar changes reported for other transporter proteins (23) . Little is currently known about the function of FATP 6. It is the predominant FATP expressed in the heart (22) and other tissues (4, 54) . In cardiac myocytes (sarcolemma) FATP 6 mediates the uptake of long-chain fatty acids (palmitic acid Ͼ oleic acid Ͼ linoleic acid) (22) . Additionally, in a rat model of myocardial infarction, FATP 6 protein levels were significantly reduced, which was associated with a decrease in fatty acid uptake (25) . Conversely, it is still unclear which factors modulate FATP 6 expression in a maternal obesogenic environment. Although rosiglitazone, a PPAR␥ agonist and positive upstream modulator of the expression of FATP 1 and FATP 4 in the murine placenta (E18.5), increased FATP 6 mRNA expression (53), placental PPAR␥ signaling was not significantly activated in the placenta of obese dams. In addition, although maternal insulin and leptin levels in our mouse model of maternal obesity were significantly increased (50), currently, there is no evidence of hormonal regulation of FATP 6. Thus, further studies are required to identify the signaling pathways causing the upregulation of placental FATP 6 in maternal obesity. Fatty acids are known to be positive upstream regulators of PPAR␥ (60) , which is a critical regulator of fatty acid uptake in the placenta (52, 53) . However, we found no evidence of activation of PPAR␥ in the placenta of obese dams, because placental protein expression and phosphorylation of PPAR␥ and the mRNA expression of PPAR␥-downstream regulated genes were unaltered in maternal obesity. These findings are consistent with our previous observations that maternal obesity is not associated with significant changes in circulating levels of TAG or nonesterified fatty acids in our mouse model (50) . Our findings are in contrast to Qiao et al. (47) , who reported that maternal high-fat diet feeding in mice is associated with increased expression of PPAR␥ in the placenta (47) . Furthermore, in this mouse model, placental lipase activity was increased in response to a high-fat diet, which is consistent with one report linking maternal obesity in pregnant women to elevated placental lipase activity (16) . Because the expression of placental lipases may be regulated by PPAR␥ (47), the unchanged placental lipase mRNA expression and activity in obese dams in our study is consistent with unaffected placental PPAR␥ signaling.
Our data corroborate previously reported expression of FABPs 3-5 (29, 38) in the murine placenta at E18. 5 . In addition, we demonstrated that FABP 1 is expressed at the mRNA and protein levels in the placenta of the mouse. FABPs are believed to participate in a variety of metabolic functions in the placenta. Specifically, FABP 4 is involved in TAG accumulation (38) , and placenta-specific FABP 3-knockout results in impaired placental long-chain fatty acid trafficking with lower fetal accumulation of long-chain fatty acids (29) . In our study, placental FABP mRNA levels were unaffected by maternal obesity. These results are in general agreement with Dubé et al. (16) , who reported unchanged FABP3 mRNA expression in placentas of obese pregnant women. We propose that the elevated FABP 3 expression in placentas from OB compared with C dams could promote increased transplacental fatty acid transport in maternal obesity.
Infants born to obese mothers have increased liver fat compared with infants of lean mothers (7) . This is replicated in our mouse model of obesity because lipid droplet number was markedly increased in fetuses of obese dams compared with their lean counterparts in agreement with previous animal experimental data (6, 28, 43, 57) . The increased lipid accumulation in the fetal liver in response to maternal obesity may, in part, be caused by enhanced placental lipid transfer, as indicated by the demonstration of an elevated placental lipid transport capacity in obese dams in our study. However, other mechanisms may also be involved in the development of fetal liver NAFLD, such as dysregulation of the de novo lipogenic capacity favoring lipid synthesis (59). Moreover, lipids activate different cell signaling pathways; therefore, an elevated lipid exposure in utero could potentially alter gene expression in the fetal liver (26) . Given the pronounced fetal hyperglycemia in our mouse obesity model (50) , it is also possible that the combination of hyperglycemia and insulin concentrations (hyperinsulinemia) promotes de novo fatty acid synthesis (lipogenesis) and impairs ␤-oxidation, thereby contributing to the development of fetal hepatic steatosis (46) . On the other hand, in high-fat fed nonhuman primates, the expression of genes involved in de novo lipogenesis in fetal livers remained unchanged, and de novo lipid synthesis was negligible compared with fetuses of mothers fed a control diet (39) . This indicates that de novo lipogenesis is not an important contributor to fat accumulation in fetal liver in animals fed a high-fat diet.
Perspectives and Significance
Obese women often deliver infants that are large at birth and/or have increased adiposity; however, the underlying mechanisms are not well established. We report that the protein expression of FATP 6 and FABP 3 is increased in the placental barrier in a mouse model of obesity in pregnancy, and we propose that this enhanced capacity of the placenta to transport fatty acids contributes to lipid accumulation and fetal overgrowth in obesity. These findings are consistent with the emerging concept that changes in the maternal environment, such as a high-fat diet and obesity, impact the fetus, mediated by changes in placental function.
